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Objective: The objectives of this study were to (1) determine the correlation between osteoarthritis (OA)
and Indian hedgehog (Ihh) expression, and (2) establish the effects of Ihh on expression of markers of
chondrocyte hypertrophy and matrix metalloprotease (MMP)-13 in human OA cartilage.
Design: OA cartilage and synovial ﬂuid samples were obtained during total knee arthroplasty. Normal
cartilage samples were obtained from intra-articular tumor resections, and normal synovial ﬂuid
samples were obtained from healthy volunteers and the contralateral uninjured knee of patients
undergoing anterior cruciate ligament reconstruction. OAwas graded using the Mankin score. Expression
of Ihh in synovial ﬂuid was determined by Western blot. Ihh, type X collagen and MMP-13 mRNA were
determined by real time PCR. Protein expression of type X collagen and MMP-13 in cartilage samples was
analyzed with immunohistochemistry. Chondrocyte size was measured using image analysis.
Results: Ihh expression was increased 2.6 fold in OA cartilage and 37% in OA synovial ﬂuid when
compared to normal control samples. Increased expression of Ihh was associated with the severity of OA
and expression of markers of chondrocyte hypertrophy: type X collagen and MMP-13, and chondocyte
size. Chondrocytes were more spherical with increasing severity of OA. There was a signiﬁcant corre-
lation between Mankin score and cell size (r2 ¼ 0.80) and Ihh intensity (r2 ¼ 0.89). Exogenous Ihh
induced a 6.8 fold increase of type X collagen and 2.8 fold increase of MMP-13 mRNA expression in
cultured chondrocytes. Conversely, knockdown of Ihh by siRNA and Hh inhibitor cyclopamine had the
opposite effect.
Conclusions: Ihh expression correlates with OA progression and changes in chondrocyte morphology and
gene expression consistent with chondrocyte hypertrophy and cartilage degradation seen in OA cartilage.
Thus, Ihh may be a potential therapeutic target to prevent OA progression.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA), featured by destruction and loss of articular
cartilage, causes chronic joint pain and disability1. It has been
shown that aging, trauma, excessive mechanical load, and genetics
are risk factors associated with the development of OA2e4.
However, the pathogenesis of the disease remains unknown. Indian
hedgehog (Ihh), a key signaling molecule, is primarily synthesized
and expressed in prehypertrophic chondrocytes during growthDepartment of Orthopedics,
1 Hoppin Street, Coro West,
-793-8384.
st author for the study.
s Research Society International. Pplate development. Ihh regulates chondrocyte hypertrophy and
endochondral ossiﬁcation5e7. Genetic studies using knockout mice
have demonstrated that activation of Ihh downstream signaling
pathways results in a decrease in articular cartilage thickness and
proteoglycan (PG) content while inhibiting Ihh signaling results in
an increase of articular cartilage thickness and PG7,8. Consistent
with these observations, upregulation of hedgehog (Hh) signaling
in postnatal cartilage promotes chondrocyte hypertrophy and
cartilage degradation9.
Studies have demonstrated that the OA chondrocytes recapitulate
some of the differentiation processes that occur during embry-
ogenesis10e14. During growth plate development, hypertrophic
chondrocytes express type X collagen and matrix metalloproteases
(MMPs), which subsequently induce cartilage degradation as part of
the endochondral ossiﬁcation process. Cartilage degradation in theublished by Elsevier Ltd. All rights reserved.
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also been shown to be mediated by MMPs15e17. Furthermore, recent
studies indicate that increased Hh signaling is involved in mouse OA
development9, and that increased type X collagen expression,
a hypertrophic marker, has been observed in human knee joint
cartilage with early focal OA-like lesions12,18. Mechanical overload is
a proposed mechanism of OA development and the Ihh signaling
pathway may mediate the response of chondrocytes to mechanical
stress19. These data suggest that Ihh may play a critical role during
OA cartilage degradation.
Although increased downstream of Hh signaling has been
associated with OA development9, direct genetic evidence linking
Ihh to OA development by promoting chondrocyte hypertrophy has
not been reported. To test the hypothesis that Ihh may play a role in
human OA development, we analyzed human normal and OA
cartilage and synovial ﬂuid samples for Ihh expression to determine
if the Ihh expression correlates with OA cartilage damage. In order
to establish a functional role for Ihh in OA development, expression
of factors associated with chondrocyte hypertrophy, type X
collagen and MMP-13, was quantiﬁed after Ihh treatment or
knockdown in human OA chondrocytes in vitro. Our ﬁndings
suggest that Ihh signaling may promote OA progression.
Methods
Specimens
The study was approved by the Institutional Review Board at
Rhode Island Hospital, and informed consent was obtained from
each donor. Articular cartilage samples were obtained from
patients with OA at the time of total joint arthroplasty [N ¼ 17, 11
females, six males, age 68.6  8.6 (mean  standard deviation
(SD)), range 55e79]. Normal control samples of articular cartilage
were obtained from patients undergoing tumor resections [N ¼ 6,
six males, age 23.8  13.6 (mean  SD), range 15e51]. OA synovial
ﬂuid was also obtained during knee joint arthroplasty [N ¼ 32, 20
females, 12 males, age 69.6  9.0 (mean  SD), range 42e86].
Normal synovial ﬂuid samples were also collected from the
contralateral uninjured knee of patients undergoing unilateral ACL
reconstruction (n ¼ 30) and one healthy volunteer [N ¼ 31, 17
males, 14 females age 25.1  10.5 (mean  SD), range 15e54].
Inclusion criteria for using the contralateral knee of ACL recon-
struction patients as a normal control were the absence of prior
knee injury and normal standing radiographs.
Synovial ﬂuid analysis
Synovial ﬂuid samples were centrifuged at 2000g for 10 min to
remove cells and debris. The synovial ﬂuid samples were aliquoted
and frozen at 80C until analysis20. Before performing the
experiments, the synovial ﬂuid samples were treated with 15 U/ml
of bovine testicular hyaluronidase (HA) (SigmaeAldrich, St Louis,
MO) for 15 min at 37C to reduce viscosity and diluted 1:10 with
cell lysis buffer containing proteinase inhibitor (Roche, Basel,
Switzerland)21.
Cartilage tissue samples
Cartilage samples from the tibia obtained during total knee
arthroplasty were divided into OA cartilage from the more affected
compartment (usually medial) and “relatively normal” cartilage
from the uninvolved compartment (usually lateral). Normal carti-
lage samples were also obtained from intra-articular tumor resec-
tions. Absence of cartilage degeneration was conﬁrmed in the
normal cartilage samples using Safranin-O staining.Chondrocyte isolation and primary culture
Cartilage slices were removed from the tibial plateau and
washed in Dulbecco’s modiﬁed Eagle’s medium (DMEM) (Invi-
trogen, Carlsbad, CA). Chondrocytes were isolated as previously
described22. Brieﬂy, pieces of cartilage were minced with a scalpel
and digested with pronase (2 mg/ml) (Roche, Basel, Switzerland) in
Hank’s balanced salt solution (HBSS) (Invitrogen, Carlsbad, CA) for
30 min at 37C with shaking. After digestion and removal of the
supernatant, the cartilage pieces were washed with DMEM, and
digested with crude bacterial collagenase (Type IA, 1 mg/ml)
(SigmaeAldrich, St Louis, MO) for 6e8 h at 37C with shaking.
Enzymatic digestion was stopped by adding DMEM containing 10%
fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA). Residual multi-
cellular aggregates were removed by ﬁltering, and the cells were
washed three times with DMEM. Chondrocytes were incubated in
DMEM containing 10% FBS, L-glutamine (Invitrogen, Carlsbad, CA),
and antibiotics (penicillin and streptomycin) (SigmaeAldrich, St
Louis, MO), and allowed to attach to the surface of the culture
dishes. Cells were trypsinized, washed three times, and plated
either in eight-well chamber (Nalge Nunc International Corp,
Naperville, IL) at 1  105 cells/well or in six-well culture plates
(Becton Dickinson Labware, Franklin Lakes, NJ) 1  106 cells/plate.
At 90% conﬂuence, the second passage cells were transfected with
Ihh siRNA or scrambled siRNA control or exposed to recombinant
human Ihh protein (R&D, Minneapolis, MN) at different concen-
trations. Two Duplex small interfering RNAs (siRNAs) that speciﬁ-
cally targeted the mRNA encoding human Ihh and scrambled siRNA
were used in the study (Santa Cruz, Santa Cruz, CA and Invitrogen,
Carlsbad, CA). Duplex siRNAs (200 nM) were transfected into
human chondrocytes that were cultured in six-well tissue culture
plates using the GeneMute siRNA transfection reagent (SignaGen
Laboratories, USA). After 48 h in culture without removing the
transfection reagent, the total RNA was isolated from the chon-
drocytes. Immunocytochemistry analyses of chondrocyte pheno-
type were performed as described previously23 using anti-type-I
and anti-type-II collagen monoclonal antibodies (mAb; Chemicon
International, Temecula, CA). These cells are positive for type II
collagen and negative for type I staining (Supplement Fig. 4).
Histology
Full thickness 2 2 cm cartilage samples were taken from the OA
cartilage and adjacent “relatively normal” cartilage samples from
each knee joint with a scalpel. Approximately half of the section
(0.4e0.5 g) was used for RNA isolation and the remainder was ﬁxed
in 10% formalin (SigmaeAldrich, St Louis, MO) for 72 h. The speci-
mens were decalciﬁed in RichmaneGelfand-Hill solution, processed
in a Tissue-Tek VIP 1000 tissue processor (Miles, Elkhart, IN), and
embedded in a single block of Paraplast X-tra (Thermo-Fisher,
Hampton, NH). Blocks were trimmed to expose tissue using a rotary
microtome (Reichert-Jung, Wien, Austria). The slices were then cut
into 6-mm sections and mounted on slides. Safranin-O staining was
performed and the severity of cartilage damage was assessed using
the modiﬁed Mankin grading system24. Grade I (Mankin score 0e2)
represents minimal cartilage damage, while Grade II (Mankin score
3e10) and Grade III (Mankin score 11e18) represent more severe
cartilage damage. Two independent and blinded observers scored
each section, and the scores were averaged.
Immunohistochemistry
To detect the distribution of type X collagen and MMP-13 in
cartilage, 6-mm sections were collected on positively charged glass
slides (Thermo-Fisher, Hampton, NH). The sections were dried on
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istrywas carried out using the Histostain-SP Kits (Zymed-Invitrogen,
Carlsbad, CA). Sections were de-parafﬁned and rehydrated using
conventional methods. Endogenous peroxidase was blocked by
treating the sections with 3% hydrogen peroxide (SigmaeAldrich, St
Louis, MO) in methanol (SigmaeAldrich, St Louis, MO) for 30 min.
The sectionswere digested by 5mg/ml HA in PBS (SigmaeAldrich, St
Louis, MO) for 20 min. Nonspeciﬁc protein binding was blocked by
incubation with a serum blocking solution (LICOR, Lincoln, NE).
The sections were incubated with afﬁnity-isolated IgG fractions of
antibody against human type X collagen (2 mg/ml) (EMD, Gibbstown,
NJ) and an antibody against MMP-13 (2 mg/ml) (Santa Cruz, Santa
Cruz, CA) respectively at 4C overnight. The negative control
sections were incubated with IgG isotype control (2 mg/ml) (R&D,
Minneapolis, MN) in PBS. Thereafter, the sections were treated
sequentially with biotinylated secondary antibody and streptavidin-
peroxidase conjugate (Zymed-Invitrogen, Carlsbad, CA), and then
were developed in DAB chromogen (Zymed-Invitrogen, Carlsbad,
CA). The sections were counterstained with hematoxylin (Zymed-
Invitrogen, Carlsbad, CA). Photography was performed with a Nikon
E800 microscope (Nikon, Melville, NY)25.
To detect the distribution of Ihh in cartilage, 6-mm sections were
analyzed by immunoﬂuorescent staining with a polyclonal anti-
body against Ihh (sc-1196, Santa Cruz, Santa Cruz, CA). The negative
control sections were incubated with isotype control (sc-1196-P,
Santa Cruz, Santa Cruz, CA) in PBS. The speciﬁcity of Ihh antibodies
used in this study has been validated by immunoﬂuorescence
staining26 and Western blotting27. The sections were incubated
with primary antibody at 4C overnight. After washing with PBS,
afﬁnity-puriﬁed TRITC conjugated donkey anti-goat secondary
antibody (1:500) (Jackson, West Grove, PA) was applied with
Hoechst nuclear dye (0.5 mg/ml) (Pierce, Rockford, IL). The sections
were washed and mounted in GEL/MOUNT (Biomeda, Foster city,
CA). Single or multiple exposure photography was performed with
a Nikon E800 microscope28. The intensity of Ihh expression and the
size of chondrocytes were visualized under ﬂuorescence micros-
copy and quantiﬁed using Ivision software (BioVision, Exton, PA).
The intensity of Ihh is a pixel unit of gray scale.
Western blot
Total protein of synovial ﬂuid was quantiﬁed using the BAC
Protein Assay Reagent Kit (Pierce, Rockford, IL). 14 mg of total protein
was electrophoresed in 10% SDS PAGE under reducing conditions.
After electrophoresis, proteins were transferred onto Immobilon-
PVDF membrane (Thermo-Fisher, Hampton, NH) and probed with
a polyclonal antibody against Ihh (sc-1196, Santa Cruz, Santa Cruz,
CA). The antibody was diluted 1:1000 in PBS-T containing 1% bovine
serum albumin (BSA) (SigmaeAldrich, St Louis, MO). Horseradish
peroxidase-conjugated second antibody IgG (H þ L) (Bio-Rad,
Hercules, CA)was diluted 1:3000 in PBS-Tand used as the secondary
antibody. Visualization of immunoreactive proteins was achieved by
using the ECL Western blotting detection reagents (Amersham,
Arlington Heights, IL) and by subsequently exposing the membrane
to Kodak X-Omat AR ﬁlm (Kodak, Rochester, NY). Band densities
were quantiﬁed using Image Acquisition and Analysis Software
(UVP, Upland, CA). Parallel gels were prepared for Coomassie Blue
staining to conﬁrm equal loading of samples. Equal amounts of
protein were electrophoresed in 10% SDS PAGE and the gel was
preﬁxed in 50% MeOH, 10% HoAC, 40% H2O for 30 min and then
stained with 0.25% Coomassie Brilliant Blue R-250 (Bio-Red Labo-
ratories, Hercules, CA) in the above solution for 4 h. The gel was
detained in 5% MeOH, 7.5% HoAC, 87.5% H2O until background was
clear. The detained gel was stored in 7% HoAc and a photograph was
taken using Canon camera (SD-1000, Canon Inc, Japan).Real time RT-PCR (qPCR)
Total RNA was isolated from OA cartilage (Mankin scores: 11 or
18) and the adjacent “relatively normal” cartilage from the opposite
compartment (usually lateral) in the same specimen (Mankin
scores: 0 or 1) or from chondrocytes incubated with recombinant
human Ihh protein or transfected with Ihh siRNA 48 h after the
transfection, using RNeasy isolation kit (Qiagen, Valencia, CA). 1 mg
of RNAwas reverse-transcribed to obtain ﬁrst-strand cDNAusing the
iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Total RNA was
also isolated from OA cartilage and the normal cartilage from the
intra-articular tumor resections incubated with Hh inhibitor
cyclopamine (20 mM) 48 h after the treatment. The quantiﬁcation of
mRNA for Ihh, type X collagen, and MMP-13 was determined using
the QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA) with the
DNA Engine Opticon 2 Continuous Fluorescence Detection System
(MJ Research, Waltham, MA). Each reaction was performed in trip-
licate. Ihh primers were as follows: forward, 50-CAT TGA GAC TTG
ACT GGG CAA C-30, and reverse, 50-AGA GCAGGC TGA GTT GGG AGT
CGC-30. Type X collagen primers were as follows: forward, 50-TGC
CTC TTG TCA GTG CTA ACC-30, and reverse, 50-GCG TGC CGT TCT TAT
ACA GG-30. MMP-13 primers were as follows: forward, 50-TGC TGC
ATT CTC CTT CAG GA-30, and reverse, 50-ATG CAT CCA GGG GTC CTG
GC-30. MMP-1 primers were as follows: forward, 50-CTG TTC AGG
GAC AGA ATG TGC T-30, and reverse, 50-TTG GAC TCA CAC CAT GTG
TT-30. MMP-3 primers were as follows: forward, 50-CCC TCC AGA
ACC TGG GAC-30, and reverse, 50-ATA AAA GAA CCC AAA TTC TTC
AAA A-3029,30. Ampliﬁcation conditions were as follows: 2 min of
preincubation at 50C, 10 min at 95C for enzyme activation, and 40
cycles at 95C denaturation for 10 s, 55C annealing for 30 s, and
72C extension for 30 s. The cycle threshold (Ct) values for 18s RNA
and that of target genes were measured and calculated by computer
software (MJ Research, Waltham, MA). Relative transcription levels
were calculated as x ¼ 2DDCt, in which DDCt ¼ DE  DC, and
DE ¼ Ctexp  Ct18s; DC ¼ Ctctl  Ct18s, as previously described28.
Statistical analysis
Two-tailed paired t-tests were used to compare mRNA levels
from OA cartilage to its adjacent “relatively normal” cartilage as well
as from Ihh siRNA treated group or recombinant human Ihh protein
treated group to their respective controls. T-test was also used to
compare Ihh band densities from OA synovial ﬂuid to normal
synovial ﬂuid at a rejection level of 5% unless otherwise noted.
Random effects models31 were used to examine the relationships
between Mankin score and (1) Ihh intensity, (2) chondrocyte size,
and (3) ratio of major: minor axis (major/minor). Within-person
correlation due to repeated measurements was accounted for by
random intercepts which were assumed to have a mean-zero
normal distribution. Log-transformed major/minor ratio was used
as a dependent variable to capture its nonlinear relationships with
Mankin score. Reader difference was accounted for by including
a dummy variable as a ﬁxed effect in the model. All models were ﬁt
using restricted maximum likelihood (REML)32 to reduce the bias of
estimating the residual variance. Model goodness of ﬁt was assessed
using a likelihood ratio (LR) statistic that has an interpretation
similar to R2 in a simple linear model33. All statistical analyses were
conducted using the statistical program R (version 2.13.1)34.
Results
Increased Ihh expression in OA cartilage
Knee joint cartilage samples from the involved compartment of
OA patients (OA) were compared to normal cartilage from patients
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controls). The normal cartilage was collected from the central
region of cartilage (thickest region), while the OA cartilage was
collected from the corresponding area from OA patients. Immu-
noﬂuorescent staining showed that the expression of Ihh protein
was low in normal articular cartilage, but signiﬁcantly greater in the
OA cartilage samples (Fig. 1). The more intense staining was mainly
found in the upper clusters of cells in OA cartilage, and the intensity
of Ihh staining was associated with the severity of OA cartilage
damage as determined bymodiﬁedMankin score (r2¼ 0.89). When
compared to OA cartilage, no obvious staining of Ihh was observed
in the normal cartilage.Increased Ihh levels in OA synovial ﬂuid
Synovial ﬂuid samples collected from OA patients and normal
controls (the contralateral side of patients undergoing unilateral
ACL reconstruction and a normal volunteer) were processed for
Ihh content by Western blot. Ihh concentration was 137.2% higher
in the synovial ﬂuid of the OA patients when compared to that of
the normal controls (Fig. 2). Within normal patients aged 15e54,
there was no difference in Ihh in synovial ﬂuid (Supplement
Fig. 1).Fig. 1. Increased Ihh expression in OA cartilage. Ihh was analyzed with immunohistoche
normal cartilage (n ¼ 6). The expression of Ihh is signiﬁcantly increased in OA cartilage. I
damage as demonstrated by Safranin-O staining. In contrast, Ihh staining was minimal in nIncreased Ihh, type X collagen, and MMP-13 expression in OA
cartilage
Representative histologic sections are shown of OA cartilage and
“relatively normal” cartilage from the same knees [Fig. 3(A)]. Real
time PCR indicates that the levels of Ihh, type X collagen, and MMP-
13 expression were increased in OA cartilage samples compared to
the adjacent “relatively normal” cartilage [Fig. 3(B)]. Immunostain-
ing showed increased type X collagen and MMP-13 in OA cartilage
compared to normal cartilage obtained from intra-articular tumor
resections [Fig. 3(C)].Increased Ihh levels in OA cartilage associated with altered cell
morphology
There was a signiﬁcant correlation between Ihh intensity and
Mankin score (R2¼ 0.89, P< 0.0001) [Fig. 4(A) and 4(B)-left]. Cell size
is also correlatedwithMankin score (R2¼ 0.80, P< 0.0001) [Fig. 4(A)
and 4(B)-right], which is analogous to the changes seen in chon-
drocyte morphology in the growth plate as chondrocytes become
hypertrophic. In addition, chondrocytes became more spherical as
measured by the ratio ofmajor tominor axiswith increasing severity
of OA [Fig. 4(C), R2 ¼ 0.84, P < 0.0001]. Therefore, increased Ihhmistry in knee joint cartilage from OA knees (n ¼ 17) and resection specimens with
ncreased staining for Ihh protein is associated with increased severity of OA cartilage
ormal cartilage.
Fig. 2. Increased Ihh expression in OA synovial ﬂuid. (A) Radiographs conﬁrmed
cartilage damage and joint space narrowing in the OA patients and no joint changes in
the normal controls. (B) Representative Western blot demonstrates a high level of Ihh
in human OA synovial ﬂuid compared to normal control (54-year-old male healthy
volunteer). Coomassie Blue staining was used to conﬁrm equal loading. (C) Densi-
tometry showed that the mean Ihh concentration was 137.2% higher in the OA group
(n ¼ 32) relative to the control group (n ¼ 31) (P ¼ 0.002).
Fig. 3. Increased expression of Ihh, type X collagen, and MMP-13 in OA cartilage. (A) Repr
are shown. (B) Expression of Ihh, and typical molecular markers of chondrocyte hypertrophy
normal are arbitrarily deﬁned as 1. Bar graphs show the averages with SD, N ¼ 3, *: P ¼ 0.0
cartilage and cartilage from a control patient without OA.
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observed in OA cartilage and with increased cartilage damage.
Ihh induces hypertrophy and regulates expression of type X collagen
and MMPs in OA chondrocytes
Treatment of OA chondrocytes with recombinant Ihh protein
increased the expression of type X collagen and MMP-13 mRNA. In
contrast, knockdown of Ihh by transfecting chondrocytes with Ihh
siRNAs inhibited the expression of Ihh, type X collagen, and MMPs
(Fig. 5). A similar result was also observed in the normal or OA
cartilage incubated with Hh inhibitor, cyclopamine (Supplement
Fig. 6). The mRNA levels of type X collagen and MMP-13 were
increased 340% and 302% respectively in OA cartilage compared to
the normal cartilage. While the levels of type X collagen and MMP-
13 were decreased by 85% and 57% respectively after inhibiting Hh
pathway with cyclopamine in OA cartilage. Similar decreases of
type X and MMP-13 were found after Hh inhibition with cyclop-
amine in normal cartilage by 52% and 48% respectively.
Discussion
In this study, we determined that cartilage and synovial ﬂuid
samples from patients with OA have elevated levels of Ihh compared
to normal control samples, and that the amount of Ihh was associ-
ated with severity of OA (Figs. 1 and 2) and the hypertrophic
chondrocyte phenotype (Fig. 4). OA chondrocytes have more of
a spherical cell shape and larger cell size than chondrocytes from
normal cartilage (Fig. 4). Our data show that upregulated Ihh
promotes the hypertrophic phenotype and regulates typical hyper-
trophic markers such as type X collagen and MMP-13 (Fig. 5).
Therefore upregulation of Ihh signaling may facilitate OA develop-
ment by inducing chondrocyte hypertrophy and expression of genes
known to cause cartilage degeneration. This result is consistent with
the ﬁnding that type X collagen and MMP-13 are increased in OA
cartilage as previously reported11,35e37. This result is in agreement
with Lin et al. who reported that human cartilage explants treated
with Hh blocking agents exhibited decreased expression of type
X collagen and MMP-13, while Hh ligand stimulation led toesentative histologic sections from OA cartilage and adjacent relatively normal cartilage
: type X collagen and MMP-13, were determined by qPCR. Samples from the relatively
019. (C) Representative immunohistochemistry for type X collagen and MMP-13 in OA
Fig. 4. Ihh expression is associated with cartilage damage and chondrocyte morphological changes. (A) An increase in Ihh staining in OA cartilage correlates with OA grade and
a larger cell size. Bar graphs show the averages of quantiﬁed data of Ihh intensity and cell size from 228 cells from nine patients. (B) There was a signiﬁcant correlation (P < 0.0001)
between Ihh intensity of the chondrocytes and Mankin score (R2 ¼ 0.89) (left) and between cell size and Mankin score (R2 ¼ 0.80) (right). (C) Chondrocytes change in shape from
spindle to spherical (decrease ratio of major: minor axis, major/minor) with OA progression. Bar graphs show the averages of quantiﬁed data of major/minor ratio from 228 cells
(left) from nine patients. Log-transformed major/minor ratio was used as dependent variable to capture its nonlinear relationships between Mankin score (R2 ¼ 0.84) (right).
(D) The detail information for plot B and C. *: compared to grade I, P < 0.0001; ^: compared to grade II OA, P < 0.0001.
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Fig. 5. Ihh induces chondrocyte hypertrophy and regulates type X collagen and MMPs in OA chondrocytes. Human OA chondrocytes were transfected with Ihh siRNA or treated
with recombinant Ihh protein (5.0 mg/ml). The mRNA levels of Ihh, type X collagen, and MMPs were determined by qPCR. The endogenous Ihh was knocked down 70% by Ihh siRNA
(P ¼ 0.0003). Knockdown of Ihh inhibited the expression of type X collagen and MMP-13. Ihh treatment increased the expression of type X collagen (P ¼ 0.0001), and MMP-1
(P ¼ 0.0089), MMP-3 (P ¼ 0.045), and MMP-13 (P ¼ 0.001). Samples treated with carrier or siRNA control (a scrambled sequence) are arbitrarily deﬁned as “1”, and data from
samples treated with either siRNA for Ihh or recombinant Ihh protein are given as a mean. Bar graphs show the means and SD of data from three independent experiments
(chondrocytes from three different patients) using qPCR. *: compared to Mock for Ihh protein or to siRNA control for siRNA treatment.
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likely that induction of type X collagen and MMP-13 may be caused
by increased Ihh signaling in OA cartilage in vivo.
In addition to increased Ihh in OA tissues, we also demonstrated
that the increase of Ihh is correlated with the severity of OA carti-
lage damage (Fig. 1), suggesting that upregulation of Ihh signaling
may play a role in OA progression. Our data show that high levels of
Ihh are accompanied by increased cell size, altered cell morphology,
and upregulated hypertrophic markers type X collagen and MMP-
13 (Figs. 3 and 4), suggesting that upregulated Ihh signaling
might regulate the chondrocyte hypertrophic phenotype and
cartilage matrix degradation. Increased cell size [Fig. 4(A)] and
increased ratio of minor axis to major axis correlated with OA
progression [Fig. 4(B)] suggesting that OA chondrocyte morphology
changes with OA progression in a way that is analagous to the
changes that occur with maturation of growth plate chondrocytes,
which is known to bemediated by Ihh. In healthy articular cartilage,
chondrocytes in the superﬁcial zone are usually spindle-shaped,
while chondrocytes in the deeper zone are more spherical, whichare similar to hypertrophic cells. Thus, our ﬁnding that OA chon-
drocytes have a more spherical cell morphology indicates the
possibility that OA chondrocytes may enter the hypertrophic stage
as a result of Ihh signaling. Another possibility is that the increasing
cartilage damage in advanced OA leads to severe disruption or
complete loss of the superﬁcial zone, and thus may expose more
spherical chondrocytes originally located in the deeper zones.
In either case, these spherical chondrocytes undergo clustering in
OA, a phenomenon not seen in normal articular cartilage.
Obtaining age matched controls without OA is challenging for
studies of human OA. Therefore, cartilage analyses were performed
using “relatively normal” cartilage and OA cartilage samples from
the same patient. We found that the level of Ihh was increased in
the OA samples when compared with the “relatively normal”
samples from the same patient, despite the fact that this relatively
normal cartilage was exposed to higher levels of Ihh found in OA
synovial ﬂuid. We recognize that the regions in which cartilage
appears normal in the OA joint may not be entirely normal38.
However, it provides us with a reasonable benchmark for
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explanation for some of the differences we found could be related
to the age of the patients fromwhich the specimens were obtained.
Normal cartilage and synovial ﬂuid were from younger patients.
However, there was a wide range of patient ages from which
normal synovial ﬂuid was obtained and our supplemental data
indicate that the level of Ihh in synovial ﬂuid is independent of age
but is associated with the cartilage damage (Supplement Figs. 1 and
2). Taken together with the effects of Ihh on expression of factors
known to cause cartilage degradation, it is likely that Ihh is asso-
ciated with the severity of cartilage damage. An animal model
utilizing an inducible tissue speciﬁc Ihh knockout would add
additional support of this concept.
In this study, we found that Ihh increased hypertrophic markers
in cultured OA chondrocytes, including type X collagen and MMPs,
while knockdown of Ihh inhibited the expression of these genes
(Fig. 5). In murine OA cartilage, MMP-13 activity led to structural
damage and knockdown of MMP-13, which may alleviate cartilage
damage in OA36. Thus, our ﬁnding that Ihh inhibition down-
regulated MMP-13 (Fig. 5) may be a means to provide chon-
droprotection in patients with early stage disease. Interestingly, Lin
et al. observed that inhibition of Hh signaling attenuatedOA severity
in a mouse model in vivo and in human explants in vitro9, which is
consistent with our model.
In conclusion, this study provides evidence that Ihh expression
correlates with OA progression and induces chondrocyte hyper-
trophy and expression of genes known to cause cartilage degra-
dation in chondrocytes isolated from OA cartilage. Further analysis
of Ihh inhibition as a therapeutic strategy is warranted.
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